A comparative study of the 2,3-dimethyl-3-fluoro-2-butyl cation and its chloro analog was carried out by the ab initio/GIAO-CCSD (T) (gauge invariant atomic orbital-coupled cluster with single, double, and perturbative triple excitation) method. The structures and 13 C NMR chemical shifts of the cations were calculated at the GIAO-CCSD(T)/tzp/dz//MP2/cc-pVTZ level. Bridged fluoronium ion 1, carbenium ion 2, and fluorocarbenium ion 3 were found to be minima on the potential energy surface. Bridged fluoronium ion 1, although a minimum on the potential energy surface, is 12.8 kcal/mol less stable than the open chain fluorobutyl cation 3. In contrast to the fluorinated ion, bridged chloronium ion 5 was found to be the lowest energy minimum being 10.6 kcal/mol more stable than ion 6 and 7.4 kcal/mol more stable than ion 7.
H alonium ions are an important class of onium ions (1) . The role of alkene halonium ion as reaction intermediates in electrophilic addition of halogens to olefins is well recognized (1) . A wide variety of chloronium, bromonium, and iodonium ions have been prepared as stable long-lived ions (1) . Several studies on the fluorination of olefins have led to suggestion that only trivalent persistent fluorocarbenium ions are involved as intermediates (2) . There was some suggestion (3) of the formation of bridged fluoronium ion in the condensed state. Evidence of a symmetrical fluoronium ion as low-energy transition state was found in the condensed state when 1,8-bis(diphenylmethylium) naphthalenediyl dication was treated with Me 3 SiFe 2 − (4). A Sicontaining ring system involving fluoronium ion, analogous to naphthalenediyl dication system, has also been reported in the condensed state (5) .
In an attempt to observe the tetramethylethylenefluoronium ion ii in solution, Olah and Bollinger (6) ionized 2,3-difluoro-2, 3-dimethylbutane in SbF 5 /SO 2 at −90°C. The 1 H NMR spectrum of the acid solution at −90°C showed a deshielded doublet at δ 3.10 (J = 11.0 Hz), indicating the formation of cationic species wherein all of the methyl groups were equivalent with a longrange proton fluorine coupling. In the 19 F NMR spectrum, the observed fluorine signal was deshielded by 31 ppm from the difluoro progenitor. On the basis of these data, it was suggested (6) that the ion obtained was the 2,3-dimethyl-3-fluoro-2-butyl cation (a fluorodimethylisopropylcarbenium ion) i, wherein the methyl groups become equivalent either by a fast intramolecular fluorine exchange or by methyl group shifts. The formation of a long-lived tetramethylethylenefluoronium ion ii was ruled out on the basis of comparison with model compounds. If equilibration of ion i occurred through rapid intramolecular fluorine exchange, one could invoke ii only as a noncontributing high-lying intermediate or a transition state (Scheme 1, path i). If the exchange involves rapid 1,2-methyl migrations, then the 3,3-dimethyl-2-fluoro-2-butyl cation [(1-fluoro-1-tert-butyl)ethyl cation] iii should be involved. These two possibilities, however, could not be distinguished at the time on the basis of 1 
H and
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F NMR studies (6) . Later studies of the equilibrating Me 2 C + CFMe 2 by Olah et al. (7) using 13 C NMR spectroscopy showed that equilibration occurs through rapid intramolecular methyl migration rather than intramolecular 1,2-fluorine exchange, thus ruling out the involvement of ii in the equilibration process (Scheme 1).
In following up our previous experimental studies (6) and interest in the question of fluoronium ions, our present calculational study based on ab initio/GIAO-CCSD(T) methods show that there is no evidence for a 1,2-fluorine shift, and consequently involvement of bridged tetramethylethylenefluoronium ion ii either as an intermediate or a transition state in the equilibration of the 2,3-dimethyl-3-fluoro-2-butyl cation i in superacid solutions.
Calculations
Geometry optimizations and frequency calculations were carried out with the Gaussian 09 program (8) . The geometry optimizations were performed at the MP2/6-31G** level. Vibrational frequencies at the MP2/6-31G**//MP2/6-31G** level were used to characterize stationary points as minima [number of imaginary frequency (NIMAG) = 0] or transition state (NIMAG = 1). The MP2/6-31G** geometries were further optimized at the higher MP2/cc-pVTZ level. Calculated energies are given in Table 1 . NMR chemical shifts were calculated by the gauge-invariant atomic orbitals (GIAO) method (9-11) using MP2/cc-pVTZ geometries. GIAO-CCSD(T), GIAO-MP2, and GIAO-SCF calculations using tzp/dz basis set (12) (13) (14) have been performed with the ACES II program (15) . The 13 C NMR chemical shifts were computed using tetramethylsilane (calculated absolute shift, i.e., σ(C), tzp/dz = 193.9 (GIAO-SCF), 199.6 (GIAO-MP2), 197.9 [GIAO-CCSD(T)]) as a reference.
Results and Discussion 2,3-Dimethyl-3-fluoro-2-butyl Cation. Three structures, bridged fluoronium ion 1, fluorocarbenium ion 2, and fluorocarbenium ion 3, were found to be energy minima for Me 2 CCFMe 2 + at the MP2/6-31G** level of theory (Fig. 1) . The structures were further optimized at the higher MP2/cc-pVTZ level. Fluorine bridged structure 1 was found to be C 2 symmetrical at the MP2/cc-pVTZ level with the C-F length of 1.610 Å. Carbenium structure 2 seems to be stabilized by C-H and C-C hyperconjugations. However, fluorocarbenium structure 3 is stabilized by C-C hyperconjugation as well as by fluorine back donation as the C-F bond length was found to be considerably shortened (1.282 Å) compared with that of structure 2.
At the MP2/cc-pVTZ//MP2/cc-pVTZ + zero-point vibrational energy (ZPE) level 3 was found to be more stable than the structure 2. We have located a transition structure, 4 ( Fig. 1) , at the MP2/cc-pVTZ level for the interconversion of the ions 2 andThe 13 C NMR chemical shifts of 1-3 were calculated by the GIAO-coupled cluster method at the GIAO-CCSD(T)/tzp/dz level using MP2/cc-pVTZ geometry (Table 2 ). For comparison, the 13 C NMR chemical shifts of the ions were also computed at the GIAO-MP2/tzp/dz and GIAO-SCF/tzp/dz levels ( Table 2 ). The calculated 13 C NMR spectrum of 2 shows absorption at δ 13 C 346.8 (C2 carbon or C + ), 108.6 (C3), and 25.5-45.3 (methyl carbons). The computed value of the C2 (C + ) carbon of δ 13 C, 346.8 ppm, greatly deviates from the reported experimental value by 22.5 ppm (7). The calculated δ
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C of the C3 carbon of 115.2 also deviates from the experimental value by 6.6 ppm. The ion 2 was observed by Olah et al. (7) by ionizing 2,3-difluoro-2, 3-dimethylbutane SbF 5 /SO 2 at −90°C and studied in detail by 13 C NMR spectroscopy. As the ions (2 and 3) are very close energetically as indicated by our present calculations, an equilibrium mixture (undergoing rapid methyl exchange on the NMR timescale as shown in Scheme 1) involving ions 2 and 3 might best represent the experimentally observed 2,3-dimethyl-3-fluoro-2-butyl cation (Scheme 2). Such an equilibrium was not considered previously (7) . This also rules out a path, wherein the equilibration of ion 2 takes place through intramolecular fluorine migration involving intermediate 1.
2,3-Dimethyl-3-chloro-2-butyl Cation. Similar to fluoro cations, three related chloro cations, bridged chloronium ion 5, carbenium ion 6, and chlorocarbenium ion 7, were calculated and also found to be as minima at the MP2/cc-pVTZ level (Fig. 2) . However, unlike fluoronium ion 1, chloronium ion 5 was found to be the lowest energy minimum, being 9.0 kcal/mol more stable than 6 and 7.4 kcal/mol more stable than 7. This Zero-point vibrational energies (ZPE) at MP2/6-31G**//MP2/6-31G** scaled by a factor of 0.96; relative energy at MP2/cc-pVTZ//MP2/cc-pVTZ + ZPE level. au, atomic unit. indicates that in the structurally similar carbenium ions intramolecular stabilization by chlorine atom is much better than by the fluorine atom. Transition state structure 8 for conversion of 6 to 7 also was located. However, transition structure 8 lies only 2.1 kcal/mol above that of ion 6. The interconversion between 6 and 7 through intramolecular methyl migration involving transition state 8, therefore, is also very facile. Relative energies of the structures 5-8 are plotted in Fig. 3 along with fluoro ions. However, no transition state for conversion of 5 to 6 could be located.
We have also computed the 13 C chemical shifts of chloro ions 5-7 at the GIAO-MP2/tzp/dz level using MP2/cc-pVTZ geometries, and these are shown in Table 2 . More accurate 13 C chemical shift calculations of 5-7 at the GIAO-CCSD(T)/tzp/dz level were not possible as the total number of electrons involved in chloro ions are considerably more than those of structurally similar fluoro ions. Calculated δ 13 C of C1 and methyl carbons of the chloronium ion 5 are 130.0 and 27.2, respectively (Table 2) , compared with the reported experimental values of 151.7 and 28.0, respectively (16) . Again, as the ions (5, 6, and 7) are energetically different by less than 10 kcal/mol, an equilibrium mixture (undergoing fast chlorine exchange on the NMR timescale) involving ions 5, 6, and 7 might best represent the structure of the 2,3-dimethyl-3-chloro-2-butyl cation (Scheme 3).
Conclusion
The structures and 13 C NMR chemical shifts of the 2,3-dimethyl-3-fluoro-2-butyl cation and its chloro analogs were calculated using the ab initio/GIAO-CCSD(T) method. Bridged fluoronium ion 1, although a minimum on the potential energy surface, is considerably less stable than the open chain fluoro carbenium ion 2 and fluorocarbenium ion 3. However, unlike the fluoro system, bridged chloronium structure 5 was found to be the lowest energy minimum for 2,3-dimethyl-3-chloro-2-butyl cation. For the fluoro system, the calculated 13 C NMR chemical shifts of neither of the structure 2 and 3 agree with the experimentally reported values. As the ions (2 and 3) are very close energetically, an equilibrium mixture (undergoing rapid methyl exchange on the NMR timescale as shown in Scheme 1) involving ions 2 and 3 might best represent the structure of 2,3-dimethyl-3-fluoro-2-butyl cation. In contrast with fluoronium ion 1, bridged chloronium structure 5 was found to be the global minimum, being 9.0 kcal/mol more stable than 6 and 7.4 kcal/mol more stable than 7.
Materials and Methods
All calculations were performed with the Gaussian 09 program series (8) . The geometry optimizations were performed at the MP2/cc-pVTZ level. Final energies were calculated at the MP2/cc-pVTZ//MP2/cc-pVTZ + ZPE 
